Abstract: Hyperglycemia or diabetes mellitus (DM), which is characterized by high blood glucose levels, has been linked to an increased risk of cancer for years. However, the underlying molecular mechanisms of the pathophysiological link are not yet fully understood. In this study, we demonstrate that high glucose levels promote the proliferation of breast cancer cells by stimulating epidermal growth factor receptor (EGFR) activation and the Rho family GTPase Rac1 and Cdc42 mediate the corresponding signaling induced by high glucose levels. We further show that Cdc42 promotes EGFR phosphorylation by blocking EGFR degradation, which may be mediated by the Cbl proteins, whereas the Rac1-mediated EGFR phosphorylation is independent of EGFR degradation. Our findings elucidate a part of the underlying molecular mechanism of the link between high glucose levels and tumorigenesis in breast cancer and may provide new insights on the therapeutic strategy for cancer patients with diabetes or hyperglycemia.
Introduction
It has been known for years that diabetes increases the risk of developing many types of cancers and mortality of cancer patients. [1] [2] [3] [4] [5] Recently, this area gains more attention due to both the rising global diabetes epidemic and current findings, which suggest that some antidiabetic agents appear to lower cancer risk and have potential roles in cancer therapy. [5] [6] [7] Diabetes can be divided into two major subtypes, types 1 and 2. Type 2 diabetes is linked with increased risk of breast, colon and pancreatic cancer. [3] [4] [5] Although the detailed pathophysiological link of diabetes and cancer has not yet been elucidated, studies to date have demonstrated that hyperglycemia is one of the key factors in the mechanisms postulated for the increased cancer risk in diabetes. [8] [9] [10] In fact, it has been reported that high glucose levels promote both the proliferation and migration of cancer cells. [11] [12] [13] [14] Epidermal growth factor receptor (EGFR) activates mitogenic signaling pathways, which are critical in cell proliferation. Overexpression or hyperactivity of EGFR is a major characteristic of many human malignancies including breast cancer. Thus, EGFR is normally considered as a major oncogenic factor and an attractive therapeutic target. [15] [16] [17] [18] Due to the critical role in various cellular functions, EGF receptor signaling is tightly regulated by the careful balancing between receptor activation and signal downregulation, with the latter including receptor endocytosis, degradation and recycling. Following the binding of ligands such as EGF, the receptor dimerizes, submit your manuscript | www.dovepress.com
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Hou et al autophosphorylates and then initiates the activation of various signaling pathways leading to cell proliferation. However, EGFR degradation is a means of signal downregulation and critical for the homeostasis of EGF/EGFR signaling pathways. 15, 16 Ubiquitination targets EGFR for degradation and the Cbl proteins catalyze this reaction. 19, 20 Moreover, the Rho family GTPase Cdc42, which serves as a molecular switch in cells, 21, 22 negatively regulates this Cbl-catalyzed EGFR ubiquitination. 6, [23] [24] [25] Then, the aberrant status of these proteins may disrupt the balance between EGFR recycling to the cell surface and degradation, resulting in receptor accumulation, excessive mitogenic signaling and eventually over-promoting cell proliferation.
In this report, we demonstrate that high glucose promotes the proliferation of breast cancer cells such as MDAMB231, SKBR3 and MCF-7 cells and EGFR activation mediates this high glucose-induced cell growth. Our data further indicate that high glucose levels stimulate EGFR activation through GTPase Rac1 and Cdc42. Cdc42 promotes EGFR phosphorylation by blocking EGFR degradation mediated by the Cbl proteins, whereas the Rac1-mediated EGFR phosphorylation is independent of EGFR degradation. The combination of these regulatory effects leads to the overgrowth of breast cancer cells under high glucose conditions.
Methods
Materials and reagents
Compounds AG1478 and PD153035 were purchased from Calbiochem (San Diego, CA, USA). Anti-EGFR, antiphospho-EGFR, anti-c-Cbl and anti-phospho-Cbl antibodies were obtained from Millipore (Billerica, MA, USA). AntiCdc42 and anti-Rac1 antibodies were purchased from Abcam (Cambridge, UK). Anti-ubiquitin antibody was obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Constructs and cell culture
The small interfering RNAs (siRNAs) targeting Cdc42 or Rac1, and the control siRNA, were from Invitrogen (Carlsbad, CA, USA) and introduced into cells using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA). HA-tagged Cdc42(F28L), Cdc42(Q61L) and Rac1(G12V) constructs are kindly gifts from Dr. Qiyu Feng, Cornell University. They were introduced into cells using Lipofectamine 2000.
Human breast cancer cell lines MDAMB231, SKRB3 and MCF-7 were purchased from American Type Culture Collection (ATCC) and maintained in DMEM at different glucose levels at 37°C in a humidified atmosphere containing 5% CO 2 . These cell lines were used between passage 8 and 12 to ensure cell line authentication.
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot analysis
The cell culture samples were washed with PBS and lysed in radioimmunoprecipitation assay (RIPA) buffer. A total of 20 μg protein was resolved on SDS-PAGE and transferred to polyvinylidene difluoride membranes (PerkinElmer Life Science, Waltham, MA, USA). After being blocked in 5% bovine serum albumin in tris-buffered saline containing 0.2%. Tween for half an hour, the membranes were incubated with a primary antibody overnight at 4°C, followed by incubation with a horseradish peroxidase-conjugated secondary antibody. The membranes were visualized using the enhanced chemiluminescence (ECL) system (Amersham Biosciences, Piscataway, NJ, USA). The Western blot analysis was quantified by ImageJ (NIH image) and the statistical analysis was performed using GraphPad Prism.
Cell growth assay
Cells were seeded (110 4 cells per well) and cultured in 12-well plates under conditions required by experimental design (e.g., with or without serum, high glucose or low glucose). At the indicated time points, the cultured cells (three wells per time point) were washed with PBS, trypsinized, suspended and counted using a hemocytometer. Each cell growth assay was repeated independently at least three times. Data are presented as mean ± SD (error bars). Statistical analysis was performed using GraphPad Prism.
Cell-cycle progression assay
To determine BrdU incorporation, MDAMB231 cells were seeded in sterile chamber-well slides. AG1478 or PD153035 (0.25 μM) was added (24 hours after plating the cells) to the medium along with BrdU (50 μM). After 16 hours, immunofluorescence staining was performed using anti-BrdU monoclonal antibody and Hoechst. 26 For each experiment, the percentage of BrdU positive cells was determined for >500 cells from multiple visual fields.
Cdc42/Rac1 activity assay
The activation of Cdc42 and Rac1 was conducted using a pull-down assay kit according to manufacturer instructions (NewEast Biosciences, Malvern, PA, USA).
Statistical analysis
All statistical analyses were performed using GraphPad Prism. Data are presented as mean ± SD (error bars) from at least three replicates. Student's t-test was used to compare two groups. P values ≤0.05 is considered to have significance.
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High glucose stimulates tumor cells through GTPases
Results
High glucose promotes the proliferation of breast cancer cells
In order to determine the effect of glucose levels on the proliferation of breast cancer cells, we examined the growth rates of MDAMB231, SKBR3 and MCF-7 cells at two different glucose concentrations: the glucose level in high glucose medium (25 mM glucose, HG) is similar to the level of glucose commonly used in current cancer cell culture and the glucose level in the low glucose medium (5 mM glucose, LG) is close to normal physiological conditions of 4-8 mM. [7] [8] [9] We found that the high glucose level (25 mM glucose) promotes the proliferation of MDAMB231, SKBR3 and MCF-7 cells in these cell growth assays ( Figure 1A-C) . This is consistent with previous reports about MCF-7 cell or other cancer cell lines. 13, 14, 27 The proliferation of MDAMB231 cells and SKBR3 cells was further investigated by BrdU incorporation assay. As shown in Figure 1D and E, the high glucose level (25 mM glucose) stimulated DNA synthesis (BrdU incorporation) in both MDAMB231 and SKBR3 cells. This result confirms that the elevated growth rate in these cell growth assays ( Figure  1A -C) is the result of promoting cell proliferation rather than inhibiting the apoptosis of breast cancer cells. The addition of AG1478 or PD153035, which are specific inhibitors of EGFR tyrosine kinase activity, 28 inhibited the EGFR phosphorylation and DNA synthesis stimulated by high glucose (25 mM glucose) ( Figure 1D-F) . These results indicate that EGF/EGFR signaling may mediate this high glucose-induced breast cancer cell proliferation.
High glucose induces EGFR activation in MDAMB231 cells
High glucose is among the various factors that are able to directly or indirectly activate EGFRs. 13, 29 As shown in High glucose influences c-cbl phosphorylation and GTPase Rac1 activity EGFR degradation is catalyzed via a cascade of ubiquitination enzymes, especially, the E3 ubiquitin ligase activity of the Cbl adaptor proteins. 19, 20 We examined the c-cbl phosphorylation levels under different conditions. Both high glucose (25 mM glucose) and serum elevated c-cbl phosphorylation ( Figure 3A , panel 1, lanes 2 and 3, compared to lane 1). However, when high glucose was combined with serum, high glucose inhibited the serum-induced c-cbl phosphorylation ( Figure 3A , panel 1, lane 4, compared to lanes 2 and 3).
Rho family GTPases, such as Rac1 and Cdc42, are molecular switches in mitogenic signaling cascades. 21, 22 It has been reported that Cdc42 regulates EGFR degradation through Cbl.
6,23-25 Therefore, we examined whether high glucose (25 mM glucose) activates Rac1 and Cdc42. As shown in Figure  3B , both high glucose and serum stimulation increased the level of activated Rac1 ( Figure 3B 
High glucose regulates EGFR activity through GTPase
We further investigated the underlying mechanisms by which high glucose levels regulate EGFR activation. MDAMB231 cells transfected with siRNAs targeting Rac1 or Cdc42 were cultured under different conditions. As shown in Figure 4 , high glucose-stimulated (25 mM glucose) EGFR phosphorylation under serum starvation condition, but had no effect when Rac1 expression was knocked-down ( Figure 4A, panel  1, lanes 3 and 4, compared to lanes 1 and 2) Figure 3 High glucose influences c-cbl phosphorylation and GTPase Rac1 activation. Notes: (A) Serum-deprived MDAMB231 cells were cultured in low glucose condition (5 mM) for 12 hours and then were kept in this condition (control, lane 1) or exposed to high glucose (25 mM) with (5% FBS) or without serum. After 6 hours, these cells were harvested for measurement of c-cbl phosphorylation and total c-cbl levels. The Western blot analysis of c-cbl phosphorylation was quantified and presented by the plot at the bottom. (B, C) Serum-deprived MDAMB231 cells were treated same as (A). Then, these cells were harvested and the activities of Rac1 (B) and Cdc42 (C) were measured by pull-down activity assay. The Western blot analysis of activated Rac1 (B) and activated Cdc42 (C) were quantified and presented by the plots at the bottom. Abbreviations: FBS, fetal bovine serum; HG, high glucose; LG, low glucose; WB, western blot; WCL, whole cell lysates.
Cdc42 are molecular switches in EGFR signaling cascades. When high glucose directly activates EGFR, siRNAs targeting Rac1 should not be able to prevent high glucose from stimulating EGFR phosphorylation. Thus, the results suggest that high glucose indirectly activates EGFR through Rac1. In addition, this Rac1-mediated EGFR phosphorylation is independent of EGFR degradation ( Figure 4A, panel 3) . Similarly, together with serum, high glucose did not elevate the EGFR phosphorylation of MDAMB231 cells in which Cdc42 expression was knocked-down ( Figure 4B , panel 1, lanes 3 and 4, compared to lanes 1 and 2). The results suggest that both Rac1 and Cdc42 are necessary for high glucose indirectly activating EGFR. However, this Cdc42-mediated EGFR phosphorylation depends on EGFR degradation (Figure 4B, panel 3 ). These conclusions are further supported by the phosphorylation of c-cbl in these MDAMB231 cells cultured in high glucose medium ( Figure 4B, panel 4) . The constitutively active form of Rac1, Rac1(G12V), or the fast cycling Cdc42 mutant, Cdc42(F28L), were overexpressed in MDAMB231 cells. Rac1(G12V)-stimulated EGFR phosphorylation under low glucose and serum starvation conditions ( Figure 4C, panel 1, lane 2, compared to  lanes 1 and 3) . In serum-containing low glucose medium, Cdc42 (F28L) promoted EGFR phosphorylation by blocking EGFR degradation ( Figure 4D , panels 1 and 3, lane 2, compared to lanes 1 and 3). These experiments with Rac1 (G12V) or Cdc42 (F28L) further confirms that both Rac1 and Cdc42 are essential for the indirect activation of EGFR in high glucose.
High glucose-induced signaling regulates the proliferation of breast cancer cells
We examined the growth of MDAMB231 cells transfected with siRNAs targeting Rac1 or Cdc42 under low glucose (5 mM glucose, LG) or high glucose (25 mM glucose, HG) conditions. High glucose did not promote the growth of MDAMB231 cells in which Cdc42 or Rac1 expression was knocked-down ( Figure 5A and B) . In addition, cell proliferation of MDAMB231 cells overexpressing Cdc42 (F28L) or Rac1 (G12V) ( Figure 5C and D) was also consistent with the cell signaling results shown in Figure 4C and D: Cdc42(F28L) and Rac1 (G12V) both promoted cell growth in low glucose medium. These results were further confirmed by BrdU incorporation assays using MDAMB231 cells that overexpress Cdc42 (F28L) or Rac1 (G12V) ( Figure 5E ).
Discussion
Hyperglycemia or diabetes is always linked to an increased risk of developing many types of cancers including breast cancer. [1] [2] [3] [4] [5] Therefore, in this report, we investigated the underlying causality and corresponding mechanism between high glucose and the proliferation of some breast cancer cell lines. Our data indicate that high glucose (25 mM glucose) significantly increase the proliferation of breast cancer cells (MDAMB231, SKBR3 and MCF-7 cells) compared to low glucose condition (5 mM glucose). The stimulation of cell proliferation may be due to accelerate the cell cycle progression by modulating EGFR activation through GTPases Rac1 and Cdc42. In addition, Cdc42, rather than Rac1, promotes 4) were cultured in low glucose condition (5 mM) for 12 hours and then exposed to high glucose (25 mM). After 6 hours, these cells were harvested for the measurement of EGFR phosphorylation, total EGFR levels and EGFR ubiquitination. The Western blot analysis of EGFR phosphorylation was quantified and presented by the plot at the bottom. (B) Serum-deprived MDAMB231 cells expressing scrambled (lanes 1 and 2) or Cdc42 RNAis (lanes 3 and 4) were cultured in low glucose condition (5 mM) for 12 hours and then exposed to high glucose (25 mM) with serum (5% FBS). After 6 hours, these cells were harvested for measurement of EGFR phosphorylation, total EGFR levels, the ubiquitination of EGFR, c-cbl phosphorylation, and total c-cbl levels. The Western blot analysis of EGFR phosphorylation and EGFR ubiquitination were quantified and presented by the plots at the bottom. (C) Serum-deprived MDAMB231 cells expressing HA-tagged Rac1 (G12V) (lane 2) were cultured in low glucose condition (5 mM) for 12 hours and then were harvested for measurement of EGFR phosphorylation and total EGFR levels. The Western blot analysis of EGFR phosphorylation was quantified and presented by the plot at the bottom. (D) Serumdeprived MDAMB231 cells expressing HA-tagged Cdc42 (F28L) (lane 2) were cultured in low glucose condition (5 mM) for 12 hours and then exposed to high glucose (25 mM, lane 3) with serum (5% FBS). After 6 hours, these cells were harvested for measurement of EGFR phosphorylation, total EGFR levels, and the ubiquitination of EGFR.
The Western blot analysis of EGFR phosphorylation and EGFR ubiquitination were quantified and presented by the plots at the bottom. Abbreviations: EGFR, epidermal growth factor receptor; FBS, fetal bovine serum; HG, high glucose; LG, low glucose; WB, western blot; WCL, whole cell lysates.
EGFR phosphorylation by blocking EGFR degradation mediated by Cbl proteins. EGFR signaling is on the center stage of regulating cell proliferation. Aberrant EGFR signaling induces hyperproliferation and metastasis of cancer cells during tumor progression. Thus, EGFR signaling has been at the forefront of signaling research and key signaling proteins such as EGFR are attractive therapeutic targets. [15] [16] [17] [18] It has been shown that high glucose activates EGFR in pancreatic cancer cells. 12, 13 Similarly, we observed that high glucose stimulates EGFR phosphorylation in MDAMB231 cells. These results suggest that there is a pathway for cell proliferation in response to glucose stimulation. We found that high glucose (25 mM glucose) activates GTPase Rac1 and Rac1 knocked-down erases the glucose-stimulated EGFR phosphorylation. These data indicate the role of Rac1 in this signaling pathway. Rac1 is a critical regulator of insulin-induced glucose transport 30 and it has also been reported that Rac1 is activated by glucose stimulation in podocytes. 31 Further experiments are needed to uncover the detailed signaling pathway and examine whether similar signaling pathway exists in breast cancer cells. As a critical molecular switch in cell proliferation signaling, activated Rac1 may induce gene expression and cell secretion, which elevate the level of extracellular factors such as EGF and finally tranactivate EGFR.
Another GTPase, Cdc42, is also involved in the signaling pathways that respond to glucose-stimulated cell proliferation. Although Cdc42 knocked-down blocks the EGFR phosphorylation that should be stimulated by glucose, high glucose ( 
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High glucose stimulates tumor cells through GTPases 4B and 3C). As shown in this report, Cdc42 influences EGFR activation by reducing EGFR degradation. Cdc42 negatively regulates the Cbl-catalyzed ubiquitination of EGFR has been reported by several groups. 6, [23] [24] [25] However, there are subtle differences in the revealed underlying mechanism: Cdc42 regulates cbl through or independent of Cool/Pix proteins, which are guanine nucleotide exchange factors (GEFs) for Rho family GTPase. 6, [23] [24] [25] 32 Furthermore, this regulatory signaling pathway is influenced by the phosphorylation/ dephosphorylation cycle as well. 25 These differences may be due to the different cells they studied or the different experimental setting they used. We found that the knockeddown of Cdc42 restored the phosphorylation of c-cbl and the ubiquitination of EGFR ( Figure 4B ). Without high glucose stimulation, Cdc42 (F28L) promoted EGFR phosphorylation by blocking EGFR degradation ( Figure 4D ). It is well known that Cdc42 (F28L) block EGFR degradation through cbl proteins. 6, [23] [24] [25] Thus, the data indicate that, in MDAMB231 cells, high glucose stimulates EGFR activation by GTPase Cdc42, which promotes EGFR phosphorylation by blocking Cbl protein-mediated EGFR degradation.
EGFR activation and degradation are carefully balanced by multiple factors and signals, including glucose stimulation. Among these various factors and signals, who takes the drive seat in the regulatory depends on cell type and the actual conditions. For breast cancer patients with diabetes or hyperglycemia, by stimulating GTPase Rac1 activity and the cycling of Cdc42, high glucose further unbalances the aberrant EGFR signaling in breast cancer cells and further promotes the proliferation of these cells. There is another signal pathway we should mention. Through reactive oxygen species (ROS), high glucose activates the tyrosine kinase, Src, which directly phosphorylates cbl and controls the phosphorylation/ dephosphorylation cycle of Cool/Pix proteins. 25, 33 This signal 0.8 
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pathway, which is beyond the scope of the discussion in this report, may be another important factor in high glucosestimulated signaling and need to be further studied.
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